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SUMMARY

The continuous SiC fiber-reinforced SiC matrix ceramic composites have been perceived as one of the
leading candidate materials for accident tolerant fuel cladding in light water reactors. Potential loss of the
fission products containment due to penetrating cracking has been identified as one of the most critical
technical issues for SiC-based nuclear fuel cladding. As such, evaluation of the hermeticity of SiC/SiC
composite cladding subject to ligh water reactor (LWR) relevant environment is critically important. In last
two years, we have established the capability to measure the gas permeation flux through tubular samples
and reported preliminary results of the hermeticity of unirradiated SiC/SiC composite tubes and one neutron
irradiated Chemical Vapor Deposition (CVD) SiC tube. In this study, a permeation testing station was
employed to measure the deuterium permeation of as-fabricated and coated SiC/SiC composite tubes
following high heat flux neutron irradiation. The results indicate that CVD SiC tubes survived both the high
and low heat flux neutron irradiations. SiC/SiC composite tubes with and without coating following high
heat flux neutron irradiation lost gas tightness. Coating on SiC/SiC composite tubes helped to reduce the
deuterium permeation flux compared to the uncoated samples. Better coating and/or improved architectural
design and manufacturing quality is needed to ensure the hermeticity of SiC/SiC composite tubes. A more
robust understanding of the correlation between applied gas pressure and measured leak rate is needed.
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REPORT ON HYDROGEN ISOTOPE
PERMEABILITY/HERMETICITY OF SIC-BASED
CLADDING

1. INTRODUCTION

Since the 2011 Japan Fukushima nuclear disaster, a new concept of nuclear fuel, accident tolerant fuel
(ATF), has been emerging in the nuclear engineering and materials community [1] [2] [3]. ATF aims to
enlarge the safety margins of the current light water reactors (LWRs) under design basis or beyond design
basis accident scenarios. In the current nuclear reactor fleet, zirconium alloys are the primary fuel cladding
and core structural materials. However, zirconium alloys are vulnerable to catastrophic failure in severe
accidents [4], which is attributed primarily to the rapid oxidation kinetics of zirconium in a high temperature
steam environment [5]. As the first safety boundary of nuclear reactors, alternative fuel cladding materials
with enhanced oxidation resistance have been perceived to improve the accident tolerance of nuclear fuels.
FeCrAl alloys [3] and silicon carbide (SiC) fiber reinforced SiC matrix (SiC/SiC) composites [6] are the
two leading candidate ATF cladding materials. Oxidation rates for these materials are several orders of
magnitude lower than that of zirconium alloys [4]. The reduced oxidation rates in these materials lead to
reduced heating and hydrogen generation in the core as a result of this exothermic reaction, which ultimately
leads to a slower rate of temperature rise in the reactor core.

The implementation of SiC/SiC composite cladding in LWRs requires a thorough understanding and
characterization of the composite cladding before and after neutron irradiation, including the mechanical
properties, hermeticity, and performance of the environmental barrier coating used to enhance the
hydrothermal corrosion resistance and gas tightness. In addition to the enhanced accident tolerance resulting
from the use of the continuous fiber SiC/SiC composite cladding, a primary function of the cladding itself
is to maintain an impermeable barrier to prevent fission gas release from the fuel into the reactor primary
coolants. A criterion of SiC/SiC composite cladding failure is the loss of gas tightness. Any increase in the
extent of fission gas release from the fuel will be directly proportional to an increase in the radioactivity in
the primary coolant and the fission gas (e.g., tritium) release to the environment. Moreover, helium is used
as the heat conduction medium between the fuel and the cladding. A loss of hermeticity would lead to the
release of helium. As a consequence, the heat produced in the fuel could not be removed efficiently and the
probability of fuel failure would increase. The gas tightness of the as-fabricated and coated SiC/SiC
composite tubes needs to be tested to determine whether this criterion is met for their application in LWRs.

Gas permeability data for SiC and SiC/SiC composites in tubular configurations is very limited, especially
for samples subjected to neutron irradiation. It is well known that hydrogen permeability in monolithic SiC
is extremely low, ~ ten orders of magnitude lower than that in stainless steels. Therefore, SiC is usually
used as barrier for hydrogen isotopes [7] [8]. Hydrogen permeability in SiC is strongly dependent on the
manufacturing methods and the quality of the samples produced. Chemical vapor deposition (CVD) beta
SiC has showed the lowest hydrogen permeability [8]. Hino et al. measured the helium gas permeability of
planar SiC/SiC composite samples. The measured helium permeability had a wide range from 10™'! to 107
m?/s, roughly dependent on the pore structure of the SiC fiber bundle and SiC matrix layers [9] [10]. Since
SiC/SiC composites were perceived as a promising ATF cladding material, a research group at General
Atomics investigated the gas tightness of tubular SiC and SiC/SiC composite samples using a mobile helium
leak detector [11] [12] to characterize the quality of the as-fabricated SiC-based claddings.
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However, hydrogen isotope permeation data of SiC/SiC composite tubes is not available. It is well known
that a large amount of tritium is produced in nuclear fuel rod through thernary fission, with a yield of 8x10°
> atoms/fission (> 12,000 Ci per year for a typical 1000 MWe plant) [13]. The high mobility of tritium
allows it to permeat the cladding and enter the primary coolant which is not desired. The extent of the
permeation depends on clad type. The permeation flux of hydrogen is also an indicator of the gas tightness
of the tested tubes. In last two years, we have established the experimental capability to evaluate the
hermeticity of tubular samples and reported the helium and deuterium permeation flux of as-fabricated
CVD and SiC/SiC tubes and one neutron irradiated CVD SiC tube [14]. In this report, we will show our
recent work to investigate the deuterium permeation through SiC/SiC composite tubes before and after
neutron irradiation by using the permeation testing station at ORNL.

2. EXPERIMENT

2.1 Materials and neutron irradiation

The materials studied include monolithic high purity CVD SiC tubes machined from CVD SiC purchased
from Dow Chemical Co., SiC/SiC composite tubes provided by GA, KAERI and CEA, coated SiC/SiC
composite tubes (CrN, Cr, and TiN) using cathodic arc physical vapor deposition. A special irradiation
vehicle was designed and fabricated to test SiC-based cladding under conditions representative of LWR in
order to validate thermal-mechanical models of stress states in the studied materials due to irradiation
swelling and differential thermal expansion. The design allows for a constant tube outer surface temperature
in the range of 300~350°C under a representative high heat flux (~0.66 MW/m?®) during one cycle of
irradiation in HFIR (equivalent to 2 dpa). More details regarding the design of this irradiation capsule can
be found in Ref. [15]. In addition, conventional neutron irradiation (tube samples contained in irradiation
capsule without any internal heater) of SiC/SiC composite tubes in HFIR was also performed, which is
called ‘low heat flux’ neutron irradiation throughout this report.

2.2 Hermeticity testing

Gas permeation flux through SiC-based claddings is considered an important indicator to evaluate the
hermeticity of the studied materials. The term of “permeation testing” encompasses the gas leakage
measurements due to physical openings through the walls of the materials (e.g, penetrating cracking) and
the actual gas permeability (an intrinsic physical property, equal to the product of diffusivity and solubility)
in a material. The testing methods for both parameters are the same. A permeation testing system has been
constructed in the Low Activation Materials Development and Analysis (LAMDA) lab at ORNL that is
capable of measuring helium, deuterium and hydrogen permeation flux through the studied materials as a
function of the feeding gas pressure. More details of this system could be found in Ref. [14].
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3. RESULTS

3.1 Deuterium permeation through CVD SiC

SiC is perceived as a candidate tritium barrier in fusion reactors due to its extremely low hydrogen
permeability (<1x10' mol Hym~ s *MPa~'/?, when temperature is lower than 250°C [7]). Therefore,
the deuterium permeation flux through CVD SiC will be undetectable by using the current system, of which
the resolution is 1x107'? atm-cc/sec. Figure 1(a) shows the deuterium permeation testing results of CVD
SiC tubes in the unirradiated condition. Only background signal was measured, indicating the tested sample
is hermetic. In reference [14], we reported the hermetic performance of one CVD SiC tube following high
heat flux neutron irradiation. In order to improve confidence on the results, here we performed hermeticity
testing on two more CVD SiC tubes under the same irradiation condition. Figure 1(b) and (c) shows the
deuterium permeation testing results of two CVD SiC tubes following high heat flux neutron irradiation.
The deuterium leak rates are within the background levels, and the tested tubes still have gas tightness.
Finite element analysis [16] indicated that the residual tensile axial and hoop stresses at the inner surface
of CVD SiC tube following irradiation under high heat flux are ~ 200MPa, resulting from the differential
swelling rates stemming from the 64°C temperature difference across the tube thickness. It also indicates a
large probability of cracking in the areas close to the inner surface. On the other hand, the cracking near the
outer surface of the cladding is less likely because of the compression stress state along both the axial and
hoop directions. In order to confirm the presence of cracking, Singh et al. [17] examined two CVD SiC
tubes following the same neutron irradiation conditions and found that the change in the elastic modulus
(determined by using Resonant Ultrasound Spectroscopy) as a function of swelling was inconstant with the
literature data obtained from neutron irradiated CVD SiC tubes without a high heat flux (the low heat flux
case). The difference was attributed to the existence of micro-cracking in the studied samples. The cross
sectional optical microscopy images of one irradiated SiC tube clearly showed the presence of cracks with
some cracks originating from the inner surface and terminating halfway through the thickness. However,
the hermetic performance of the two CVD SiC tubes tested in the current study implied that no penetrating
cracking across the tube thickness was developed or there is no cracking.



Report on Hydrogen Isotope Permeability/Hermeticity of SiC-based Cladding
May 2019

Un-irradiated CVD SiC tube

(a) 10-9 E T I I I I R
i 28:N, 2:H,
-10
10 7 ¢ 3 3
44:CO,, :
<10 = E
=3 i -0 ]
3 o128 AR RS PRl x
g i ' E
Ry 1
» 1.04x107 torr 5,04x1 torr 1
(é) 1 0_1 3. D, M 1.0t 497tory _254lorr D) 521 torr D£8.6x1t7 torr D,
ﬁgn e I . : . ‘}, . e
14 1 e
10 ' = : =
4: D2 :
1045 | L | | | | | L
0 200 400 600 800 1000 1200 1400 1600
Time (s)
(b) 10'8 f T T é
E Neutron-irradiated CVD-D 3
10-9 - /28: N2 .
-10 :
o S
— - 44:CO |
< al 2 \ 2:H, 1
§ 107" E 32: O2 —:
2 - |
w |- -
U:i 10'12 = N e T AnAlmen X o 3
= g 3: HD ]
10131 0.055 torr 0.46 torr 2.04 torr 10.9 torr 75.6 torr 314torr 900 torr i
- < - > < > < - E
1014L _;
10-15



Report on Hydrogen Isotope Permeability/Hermeticity of SiC-based Cladding

May 2019 5
10%¢ | |
(c) B Neutron-irradiated CVD-F
9 28: [
107 ¢ / 3
107108 . : X
: 44:CO : \
< A . 2 V2. H,
- 10'11 32: 02
(0] F " .
o
2 5
& C
0 10712 e e e Y AR ARy A RN
E : o RN 1Y
L 3.1 torr ]
1013k 0.03 torr 0.11 torr 0.61 torr ‘T’ 13.1 torr  76.1 torr 346 torr 900 torr
B +— > < 4—-——————_» i S s S e —
Fhs '..'; .. 3 ..., -;-- e 5
.:f;}"",:_“." q Jc'j'-f«{# ;-ﬁ%l{ i ?"2;;_.‘ ,‘.m ¥ m{'@-g‘ s ', _gg; ';:*‘t_;?’j'}':&-'}"‘ i;l_?«?
-14 NS D R R e 57 X WL
10 " = P TS ‘. SN A s sy
E 2 . i e ‘. .-.__ ey _:, .o :_.,. 5 ol
10—15 | ) | | I ¢ .
0 100 200 300 400 500 600 700 800

Time (s)

Figure 1. Deuterium permeation testing of (a) unirradiated CVD SiC tube, (b) CVD SiC-D following high
heat flux neutron irradiation, and (c) CVD SiC-F following high heat flux neutron irradiation. Important
gases in the background are also shown.

3.2 Deuterium permeation of neutron-irradiated SiC/SiC composite
tubes

The measured deuterium leak rates of neutron irradiated SiC/SiC tubes under high and low heat flux as a
function of deuterium pressure are shown in Figure 2. All tested tubes following neutron irradiation under
high and low heat flux lost the gas tightness except the GA-TGI-C2 tube. Deuterium leak rate increases
with increasing pressure and starts to level off when pressure is greater than 50 torr. For example, SA3-4
lost gas tightness with a relatively smaller deuterium leak rate (1.31x10°° atm-cc/sec) when tested at a
deuterium pressure of 1.27 X 1072 torr. When subject to higher deuterium pressure, the measured
deuterium leak first increased and started to reach saturation with an ultimate leak rate of 8.72x10™" atm-
cc/sec. The deuterium leak rate of GA-TGI-C1 is much larger than those of other tubes and the
measurement of the deuterium permeation under high pressure (>5 torr) was not attempted due to the
significantly large permeation flux potentially impacting the mass spectrometer. It is noted that high heat
flux neutron irradiation leads to higher deuterium leak rate of the studied samples in comparison with
those following low heat flux irradiation, e.g., SA3-1 (LHF) and SA3-4 (HHF), GA-TGI-C2 (LHF) and
GA-TGI-C1 (HHF). Loss of hermeticity of the studied samples indicates the presence of penetrating
cracks.
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Figure 2. Deuterium leak rate of SiC/SiC composite tubes following neutron irradiation (300~500°C,
2dpa, HFIR) under high (HHF) and low (LHF) heat flux as a function of deuterium pressure within the
tubes.

Finite element analysis [16] showed that a large temperature difference of 150°C was present across the
thickness of the SiC/SiC composite tubes following neutron irradiation under high heat flux, which is
larger than that of CVD SiC tube under the same irradiation condition due to the lower thermal
conductivity of SiC/SiC composite tubes. Larger temperature difference gave rise to larger differential
swelling rates. However, simulation showed that the tensile axial and hoop stresses are ~ 170MPa,
smaller than that of CVD SiC tubes rationalized by the smaller elastic modulus of SiC/SiC composite
tubes. The microcracking in the matrix of SiC/SiC composites develops when the proportional limit
strength (PLS, which is ~65MPa [18]) is reached, or even under the condition of less than PLS[19]. The
expected stress level in the samples following high heat flux neutron irradiation is large enough to induce
the cracking. Resonant Ultrasound Spectroscopy (RUS) was used to determine the elastic modulus of
irradiated SiC/SiC samples. Significant bulk elastic moduli reduction (>13%) was observed, attributed to
the presence of microcracking[20]. More post irradiation examinations are being performed to
characterize the pathways of helium leaking and will be published elsewhere.

3.3 Deuterium permeation of neutron-irradiated coated SiC/SiC
composite tubes

External coating has been perceived as an effective way to improve hermeticity of SiC/SiC composite
fuel cladding as well as the hydrothermal corrosion resistance. SiC/SiC composite tubes coated with TiN,
CrN, and Cr showed hermetic performance under unirradiated conditions [14]. The results of hermeticity
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testing of coated GA samples, shown in Figure 3, indicated that Cr- and CrN-coated GA tubes survived
the low heat flux neutron irradiation and retained gas tightness. Note that the same type of SiC/SiC tube
(GA-TGI-D8) without coating completely lost its hermeticity following the 2 dpa irradiation in HFIR
under low heat flux. In contrast, gas tightness of TiN-coated GA-TGI-D3 was not maintained following
the high radial heat flux neutron irradiation. However, the deuterium leak rate of this coated sample is
estimated to be much lower than that of the uncoated one (GA-TGI-D4) following same irradiation
condition. Significant leaking was observed when GA-TGI-D4 was exposed to atmosphere. High pressure
testing was not attempted considering the safety of the mass spectrometer. Although the data is limited,
the coating does play a role to reduce the deuterium leak rate in the case of the high heat flux radiation
and to maintain the hermeticity of low heat flux samples.
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Figure 3. Deuterium leak rate of coated SiC/SiC composite tubes following neutron irradiation
(300~500°C, 2dpa, HFIR) under high and low heat flux as a function of helium pressure within the tubes.

It is noted that the coatings tested in the current report are the first-generation ones. ORNL has developed
the 2™ generation coating which is expected to have better performance with respect to hermeticity.
Hermeticity of SiC/SiC composite cladding can be achieved by improved architectures, improved tube
fabrication quality, and improved coating.

4. DISCUSSION

It has been hypothesized that the gas leak rate through a tubular SiC-based sample is proportional to the
gas pressure and sample surface area [21]. This assumption is based on the well-known Hagen-Poiseuille
model. If assuming a long straight cylindrical pipe with constant cross section is the helium pass, the leak
rate is
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nR*

Q=38P (M
where AP is the pressure difference, Q is the gas leak rate, L is the length of pipe, R is the radius, p is the
dynamic viscosity of the fluid. However, the potential path for gas leaking through the SiC/SiC composite
tube is the much more complicated interlinked microcracking. It is apparent that the Hagen-Poiseuille
model is not applicable in the current case, as shown in Figure 4. However, a well-established model
accurately describing the underlying mechanism controlling the gas flow in SiC/SiC tubes is unavailable

up to now.

A comparison of helium and deuterium permeation flux through SA3-4 shown in Figure 4 indicates that
deuterium permeation flux is higher than that of helium under the same applied pressure, given the lower
dynamic viscosity of deuterium. In Ref. [14], the preliminary results showed opposite correlation due to
the inaccurate conversion coefficient used to convert the electrical current to atom flux based on the
standard deuterium leak. Our results also showed that deuterium and helium permeation flux reach
saturation when applied pressure is greater than 50 torr within the studied pressure regime. It is still
unknown whether this trend will be changed when pressure is continuously increasing. High pressure gas
permeation testing is needed.
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Figure 4. Helium and deuterium permeation flux of SA3-4 following high heat flux neutron irradiation as
a function of feeding gas pressure. Dashed line is the prediction using Hagen-Poiseuille model.

5. SUMMARY AND FUTURE WORK
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This report summarizes our recent efforts to measure deuterium permeation through SiC/SiC composite
tubes following neutron irradiation under representative LWR application environment. The deuterium
permeation flux was measured using the ORNL comprehensive permeation testing station. The results
indicate that CVD SiC tubes survived both the high and low heat flux neutron irradiations. SiC/SiC
composite tubes with and without coating following high heat flux neutron irradiation lost the gas
tightness. Coating on SiC/SiC composite tubes helped to reduce the deuterium permeation flux compared
to the uncoated samples. Better coating is needed to ensure the hermeticity of SiC/SiC composite tubes. A
more robust understanding of the correlation between applied gas pressure and measured leak rate is
needed.

More work will be performed to characterize the neutron-irradiated SiC/SiC tubes to identify the pathway
of gas leaking, enabling the mechanistic understanding of driving forces of the gas leaking. In addition,
better processing and coating are needed to ensure the hermeticity of the SiC/SiC composite tubes
following neutron irradiation.
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